As part of a genetic analysis of the biogenesis and function of the vacuole (lysosome) in the yeast Saccharomyces cerevisiae, assays of vacuolar pH were developed and used to identify mutants defective in vacuolar acidification.
grown under several different conditions. Cultures labeled with 6-carboxyfluorescein were screened by fluorescence-ratio microscopy to detect mutants that had defects related to vacuolar acidification. A recessive nuclear mutation, vphl-1, caused an abnormally high vacuolar pH of 6.9, as assayed by flow cytometry, and eliminated vacuolar uptake of the weak base quinacrine. Acidification in a pepl2::LEU2 mutant appeared defective by fluorescence-ratio microscopy and qulnacrineuptake assays, but the vacuolar pH in thepepl2::LEU2 mutant was nearly normal (pH 6.3) in flow cytometric assays.
Vacuoles in Saccharomyces cerevisiae are analogous to lysosomes of other organisms. Both types of organelles contain similar sets of proteases and other hydrolytic enzymes (1, 2) , and both are energized and acidified by similar membrane-bound, proton-translocating ATPases (H+-ATPase) (3) (4) (5) (6) . Vacuolar proteases are required for intracellular protein turnover induced by nitrogen starvation (7) . Apart from that typically "lysosomal" activity, a variety of additional functions have been ascribed to the vacuole, including maintenance of cytosolic amino acid homeostasis (8, 9) , regulation of cellular calcium metabolism (8, 10) , and others (11) . Genetic analysis of protease-deficient mutants has been instrumental in delimiting the physiological significance of the vacuolar proteases (7) . Comparable studies that would address the significance of other vacuolar functions have not been done. Indeed, whether any vacuolar function is essential for the propagation of yeast under laboratory conditions remains to be seen.
To define vacuolar functions more precisely, methods for detecting and analyzing mutants that have vacuolar acidification defects would be highly desirable. An important class of such mutants would include those that have lesions in structural or regulatory genes for subunits of the vacuolar H+-ATPase. In addition, genes not related to the H+-ATPase might be identified by means of mutations that interfere with the stability, rather than generation, of the proton electrochemical gradient across the vacuolar membrane. To detect and analyze these mutants we developed assays of vacuolar pH using flow cytometry and fluorescence microscopy, based on the pH-dependent fluorescence of 6-carboxyfluorescein (6-CF). We describe those assays and report that the vacuole in yeast, unlike lysosomes in other organisms, is only mildly acidic. Using 6-CF fluorescence, we identified mutants that have abnormal vacuolar acidification. Characterization of such mutants should provide new insight concerning vacuolar and lysosomal functions.
METHODS
Strains and Culture Conditions. The wild-type strain was the diploid formed by mating strains X2180-1A and X2180-1B. Mutant strains and genotypes were BJ4895, a/a vphl-J/ vphl-1 trpl/+ leu2/+ +/ura3-52 and BJ4984, a/a pepl2:: LEU2/pepl2::LEU2 ura3-52/ura3-52 leu2-1/leu2-1 hisl1+ ade6/+. Growth media YPD and SC have been described (12) . Cells in the logarithmic-growth phase were prepared by overnight growth in YPD or SC (10 ml) at 30'C in roller tube cultures. Culture densities were maintained below 2 x 107 cell per ml by dilution with YPD or SC as required.
Labeling with Fluorescent Dyes. Medium for labeling with 6-CF diacetate (6-CFDA; C1362; Molecular Probes) was prepared by adding 50 mM citric acid to YPD, adjusting the pH to 3.0 with 12 M HCl, autoclaving, and then filtering (0.2 gm membrane filter); 6-CFDA was added to the medium immediately before use by dilution from 5 mM stock solutions in dimethyl sulfoxide; unless otherwise noted, the final 6-CFDA concentration was 5 1LM. Logarithmic-phase cells were harvested by membrane filtration, resuspended at 2 X 107 cell per ml in the labeling medium, and incubated with shaking in a water bath at 30'C for 30 min. The labeled culture was cooled in an ice-water bath, and the cells were harvested on a membrane filter (0.45 ,um, 13-mm diameter), washed on the filter with 2 ml of YPD at 0C, and resuspended at 108 cell per ml in YPD at 0C. Labeled cells were kept on ice and analyzed by flow cytometry or fluorescence microscopy within 4 hr after labeling.
Cells were labeled with quinacrine as follows. Logarithmic-phase cells (3 x 107) were cooled to 0C, filtered, and resuspended in 1 ml of YPD containing 100 mM Hepes/200 ,uM quinacrine, pH 7.6, at 30'C. After 5-min incubation, the cells were rapidly cooled to 0C, filtered, and resuspended in 0.1 ml of 100 mM Hepes/2% glucose, pH 7.6, at 0C. Photomicrographs were taken as described below within 1 hr of labeling.
Fluorometry. Analyses were done using a Gilford Fluoro IV spectrofluorometer. Extracts of cells labeled with 6-CFDA were obtained by NaDodSO4 extraction and analyzed as described (13) with the following modifications. To stop hydrolysis of 6-CFDA, labeled cells were rapidly cooled in a water bath at 0C, and subsequent operations were done at 0C by using 50 mM sodium citrate, pH 3, as washing and For comparison with in vitro fluorometric data, mean fluorescence ratios from cytometer distributions were normalized by multiplying by the proportionality factor obtained from the ratios observed in the calibration curves for the two instruments at pH 6.0 (see Fig 2) . After normalization, real differences between calibration curves would be apparent by different heights at the low-and high-pH extremities of the curves. Calibration data were fit to an empirical, fourparameter sigmoid function (fluorescence ratio = D + {(A -D)/[1 + (pH/C)B]}) by nonlinear least-squares analysis; pH values were estimated from observed mean fluorescence ratios by using the inverse of the sigmoid function.
In vivo calibration curves were constructed by analyzing 6-CF-labeled cells suspended in MHI buffer at specified pH values. MHI buffer contained the same components as MHG buffer (see above) except that glucose was omitted and inhibitors and ionophores were included to equilibrate intravacuolar pH to that of the external buffer. The (13) . However, we found that the low-molecular-weight fluorescein derivative 6-CFDA could be used to label vacuoles. Logarithmic-phase cells incubated in an acidic growth medium with micromolar concentrations of 6-CFDA typically contained numerous highly fluorescent small vacuoles (Fig. 1 ); these were nearly or completely invisible by phase-contrast microscopy in accord with previous observations (16, 17 (1989) 7029 pending the cells in buffers lacking 6-CFDA. The general pattern of labeling obtained with 6-CFDA in living cells was indistinguishable from that seen in rapidly fixed cells by using indirect immunofluorescence with affinity-purified antibodies to the vacuolar protease carboxypeptidase Y (R.A.P., unpublished data). Labeling in 6-CFDA had no effect on cell growth rates during a 24-hr observation period.
Vacuolar labeling by 6-CFDA presumably results from diffusional uptake and subsequent hydrolysis of the probe by nonspecific esterase activities (18, 19) . The hydrolysis product, 6-CF, is a relatively impermeant anion and is trapped in cellular compartments where it forms. With animal cells, 6-CFDA labels cytoplasm rather than lysosomes (19, 20) . Thus, the vacuolar localization in yeast was somewhat surprising. Extracts of labeled cells analyzed by thin-layer chromatography contained only 6-CF and a trace of unhydrolyzed 6-CFDA (Fig. 1) pH/Fluorescence-Ratio Calibration in Vivo. The use of pH-dependent fluorescence for determining intravacuolar pH required calibration of the response of the fluoropore in vivo, because interactions with cellular constituents could result in differences from the pH-dependence seen in vitro. Titration curves for the pH-dependent fluorescence ratio of 6-CF were obtained by flow cytometry for intravacuolar label, and by conventional fluorometry for standard solutions of 6-CF, as described in Methods. The titration curves had the same shapes, within the limits of cytometric error, and gave values for the apparent pKa for 6-CF of 5 .80 in vitro and 5.84 in vivo (Fig. 2) . Evidently, fluorescence of 6-CF in vivo was minimally affected either by vacuolar constituents or by self-quenching under the standard labeling conditions. The in vivo calibration curve was then used to convert cytometric (21) , were assayed using 6-CFDA to detect potential acidification defects (we surmised that these defects might be correlated). Both approaches have been pursued with some success; we restrict our attention here to two mutants that illustrate the methods.
Using the the first strategy, we identified a mutant that contained nonacidic vacuoles by both microscopic (data not shown) and cytometric assays. (Fig. 3) . Genetic analysis showed that the acidification defect in this strain was caused by a recessive mutation in a single nuclear gene; the identified gene was named VPHJ. Interestingly, the vphl mutation caused vacuolar accumulation of 6-CF to levels =10-fold higher than in wild-type cells under the same labeling conditions. (To preclude quenching artifacts in pH assays of vphl vacuoles, internal 6-CF was. reduced to wild-type levels by labeling in a lower concentration of 6-CFDA.) Meiotic segregants bearing the vphl mutation grew well at various temperatures on several different media tested, despite having a near-neutral vacuole (pH 6.91, SD = 0.09, n = 8, as assayed by flow cytometry of four vphl segregants).
In the alternative approach, the pepl2::LEU2 mutation was found to confer a conditional and/or partial vacuolar acidification defect. By fluorescence-ratio microscopy, vacuolar pH in a pepl2::LEU2 mutant was not detectably abnormal on a freshly made slide, but the vacuolar pH became notably less acidic after a few minutes on the slide (compared to wild-type controls examined at the same time, which did not show a perceptible pH change). Analyzed by flow cytometry, the pepl2::LEU2 vacuolar pH, 6 .29 (SD = 0.14, n = 9), was only slightly higher than that of wild-type strains. Although always revealed a slightly higher pH in pepl2::LEU2 strains (Fig. 3) . We could not identify conditions that would cause a short-term change in the pep12: :LEU2 vacuolar pH (assayed by flow cytometry) similar to that seen in the microscopic assay, which necessarily involves much higher cell concentrations than used for cytometry. Quinacrine Labeling of Wild-Type and Mutant Vacuoles. Weak bases can accumulate to very high levels in intracellular organelles that are acidified by H+-ATPases (22, 23) . Because the vphl and pepl2::LEU2 mutations interfere with vacuolar acidification, they should also inhibit vacuolar uptake of weak bases. Indeed, when tested, both mutations caused loss of vacuolar staining by quinacrine (Fig. 4) and neutral red (data not shown). A mechanism that could reconcile lack of quinacrine uptake in pepl2::LEU2 mutants despite the near-normal pH of their vacuoles (see above) is discussed below.
DISCUSSION
We have shown that mutants of S. cerevisiae defective in vacuolar acidification can be identified using a fluorescenceratio assay for vacuolar pH. The accuracy and general applicability of the assay deserve comment before discussing results obtained through its use.
Demonstrated close agreement between in vivo and in vitro calibration curves is an important criterion for the validity of pH measurements using fluorescence. The near identity of the calibration curves with 6-CF (Fig. 2) indicates that neither self-quenching nor vacuolar constituents affect the pHdependence of 6-CF fluorescence. This fact, taken together with the evidence that 6-CF does not perturb vacuolar pH or inhibit cell growth, allows direct use of the fluorescence ratio to determine vacuolar pH. The accuracy of a vacuolar pH assay that uses whole-cell fluorescence measurements depends on proper compartmentation ofthe fluorophore. The identity ofthe labeled organelle and the degree of specificity for that organelle are both at issue. Organelles labeled with 6-CF were not rigorously identified as vacuoles (e.g., by dual labeling with known vacuolar markers). However, the cytological pattern of labeling obtained with 6-CFDA was indistinguishable from the pattern seen (in rapidly fixed cells) by using immunofluorescence microscopy with a vacuole-specific antigen. This pattern was in accord with that visible by phase-contrast microscopy, tranditionally used for visualizing vacuoles, and agrees with ultrastructural evidence concerning vacuolar morphology (see ref. 16 and discussion in ref. 24) .
The other aspect ofthe specificity issue, the degree of label localization in the vacuole, was a particular concern with a low-molecular-weight probe like 6-CF that was partially membrane-permeant. Leakage of 6-CF into the cytoplasm, in particular, would result in the averaging of fluorescence ratios in both compartments (in flow cytometry), leading to an overestimate of the vacuolar pH. We estimated that fluorescence microscopy could detect "mislocalized" cytoplasmic 6-CF in amounts as low as 5% of vacuolar fluorescence. Because no cytoplasmic fluorescence was detectable in cells analyzed by cytometry under the conditions specified, the pH reported by whole-cell fluorescence was considered a reliable estimate of vacuolar pH. The specific localization of 6-CF obtained with the reported strains and conditions was not seen in every situation, however. Mutations in some of the PEP genes, for example, caused substantial cytoplasmic labeling with 6-CF, making vacuolar pH assays by flow cytometry impossible (although qualitative assays could still be done by fluorescence microscopy, where cytoplasmic and vacuolar fluorescence ratios were distinguishable). (3, 14) and closer to that of early endosomes (6-6.5) (3, 32, 33) . These results imply any of the following: (i) the vacuole performs those lysosomal functions that depend on very low pH at a more moderate level of acidity, (ii) lysosomal functions dependent on very low pH do not occur in yeast, or (iii) very low pH in lysosomes is not essential for lysosomal functions. Possible support for the last hypothesis is provided by the existence of an unconditional 3T3 fibroblast mutant with a nearly complete lack of low-pH lysosomes (34) . Characterization of additional lysosomal and vacuolar acidification-defective mutants would provide a reasonable approach to these and other issues.
Successful isolation of the vphl mutant establishes the feasibility of obtaining vacuolar acidification-defective mutants by directly screening mutagenized cells labeled with 6-CFDA. Evidently, retention of 6-CF is not dependent on vacuolar acidity, an uncertain point before the discovery of the vphl mutant. The near-normal growth rates of segregants bearing the vphl mutation suggest that vacuolar acidity is not essential for vegetative growth of yeast. This interpretation would explain the viability of strains bearing a disruption of the gene encoding the 60-kDa subunit of the vacuolar H+-ATPase (35) , although whether such strains are fully defective in vacuolar acidification in vivo remains to be shown. Similarly, however, the vphl mutant might not be fully defective: the near neutrality of the vphl vacuole reported here might leave intact an essential remnant of the normal transmembrane pH gradient. We anticipate that such issues will be resolved through further analysis of these, and other, vacuolar acidification mutants.
Assays of vacuolar pH in the pepl2::LEU2 mutant gave unexpectedly complex results. The near-normal pH evident in cytometric assays with 6-CFDA appeared to be inconsistent with the lack of vacuolar staining by quinacrine. As discussed elsewhere, the diverse effects of weak bases require cautious interpretation (23, 24 pepl2::LEU2 strain, and fluorescence-ratio microscopy revealed an abnormal increase in vacuolar pH during short periods of observation. All these results would be compatible with a decreased capacity for proton translocation into the vacuole in the pepl2::LEU2 mutant. A decreased capacity for proton transport could have a small effect on the steady-state vacuolar pH, as observed, but still inhibit the uptake of weak bases, because most ofthis uptake requires substantial proton transport capacity (22) . For example, inhibition of weak-base uptake in the 3T3 fibroblast mutant, CHL60-64, appears to be due to a limitation of proton transport rates by an abnormally high membrane protential (34, 36) . Similar transport-limited yeast mutants should exist; whether the pepl2::LEU2 mutant is an example is not yet known.
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